Patients with depression often suffer from cognitive impairments that contribute to disease burden. We used social defeat-induced persistent stress (SDPS) to induce a depressive-like state in rats and then studied long-lasting memory deficits in the absence of acute stressors in these animals. The SDPS rat model showed reduced short-term object location memory and maintenance of long-term potentiation (LTP) in CA1 pyramidal neurons of the dorsal hippocampus. SDPS animals displayed increased expression of synaptic chondroitin sulfate proteoglycans in the dorsal hippocampus. These effects were abrogated by a 3-week treatment with the antidepressant imipramine starting 8 weeks after the last defeat encounter. Next, we observed an increase in the number of perineuronal nets (PNNs) surrounding parvalbumin-expressing interneurons and a decrease in the frequency of inhibitory postsynaptic currents (IPSCs) in the hippocampal CA1 region in SDPS animals. In vivo breakdown of the hippocampus CA1 extracellular matrix by the enzyme chondroitinase ABC administered intracranially restored the number of PNNs, LTP maintenance, hippocampal inhibitory tone, and memory performance on the object place recognition test. Our data reveal a causal link between increased hippocampal extracellular matrix and the cognitive deficits associated with a chronic depressive-like state in rats exposed to SDPS.
INTRODUCTION
Major depressive disorder (MDD) is a complex neuropsychiatric disorder that is characterized by persistent negative mood, a multifaceted anhedonic state, and impaired cognitive function (1) . MDD is considered one of the leading causes of disability worldwide, accounting for more lost productivity than any other psychiatric disorder (1) . A substantial part of this burden is attributed to the cognitive impairment that accompanies depression, including deficits in working and episodic memory (2) , which could persist beyond recovery from mood disturbances (3) . Despite compelling evidence linking these deficits to reduced hippocampal volume (4) and impaired hippocampal function (5), the molecular basis underlying the effects of MDD on cognition remains unclear.
Persistent stress responses, commonly triggered by stressful life events, are a potent causal factor in eliciting MDD (6) and have major repercussions for hippocampal function (7) . In line with this, preclinical models of depression using acute stress consistently show hippocampal pathology, including reduced hippocampal long-term potentiation (LTP) and impaired hippocampus-mediated spatial learning (8, 9) . In contrast, the chronic phase of depression in the months after initial stress exposure has only been scarcely explored, posing questions about the underlying neurobiological mechanisms.
In an attempt to address this issue, we adopted the social defeatinduced persistent stress (SDPS) rat model in which a sustained depression-like state was elicited by exposure to five daily defeat episodes and individual housing for a period of 2 to 3 months in the absence of acute stressors (10) . Previously, the SDPS model has allowed us to investigate sustained affective and cognitive deficits on a variety of behavioral tests (11, 12) . Here, we investigated the underlying mechanisms of cognitive dysfunction triggered by the chronic depressive-like state of rats exposed to SDPS (11, 12) .
RESULTS

SDPS induces imipramine-reversible deficits in hippocampus-mediated memory
We assessed the effects of a chronic depressive-like state on memory performance in rats exposed to the SDPS paradigm. We then examined the potentially restorative action of the tricyclic antidepressant drug imipramine (Fig. 1A) . First, we confirmed that physiological (corticosterone) and behavioral adaptations (body weight and food intake) in response to acute social stress had completely subsided 8 weeks after the last defeat exposure ( fig. S1 ) (13) . We then evaluated cognitive capacity using the object place recognition (OPR) test and novel object recognition (NOR) test, which assess short-term object location (spatial) and recollection memory, respectively (14, 15) .
SDPS impaired the retention of spatial information [P = 0.044 versus vehicle-treated (H 2 O) control] expressed as reduced exploration of the displaced object during the test phase of the OPR task (Fig. 1B) . Vehicle-treated control animals displayed a clear preference for the displaced object [control-H 2 O, P = 0.041 versus a fictive control showing no discrimination (exploration index 0.50), while retaining the variation of the tested sample] (16). In contrast, SDPS rats displayed no such preference (SDPS-H 2 O, P = 0.478 versus fictive control), indicating a reduced ability to retain short-term memories. Oral imipramine administration during the last 3 weeks of the SDPS paradigm (Fig. 1A) , previously shown to ameliorate SDPSinduced hippocampal pathology (13, 17) , normalized performance on the OPR test [two-way analysis of variance (ANOVA), group × treatment interaction effect, P = 0.014; post hoc SDPS-H 2 O versus control-H 2 O, P = 0.044; SDPS-imipramine versus control-imipramine, P = 0.122; SDPS-H 2 O versus SDPS-imipramine, P = 0.010] (Fig. 1B) . SDPS had no effect on the performance on the NOR test (P = 0.819 versus control-H 2 O); both groups showed a preference for the novel object (control-H 2 O, P = 0.005; SDPS-H 2 O, P = 0.005 versus fictive control) (Fig. 1C) . Similarly, treatment with the antidepressant imipramine did not affect the performance on the NOR test in either group (two-way ANOVA, group × treatment, P = 0.379) (Fig. 1C) .
Given that the optimal performance on the OPR test requires an intact dorsal hippocampus (18), we assessed the effects of the SDPS paradigm on synaptic plasticity in the dorsal hippocampus. SDPS reduced maintenance of LTP in the hippocampal CA1 subfield (0.8-fold; P = 0.001 versus control-H 2 O; fig. S2 ), and imipramine treatment reversed this effect (P = 0.937 versus control-imipramine), as previously reported (17) . Thus, the SDPS paradigm promoted an enduring depressive-like state in rats that was characterized by a reduction in hippocampal plasticity and deficits in short-term object location memory; these deficits were ameliorated by antidepressant treatment.
Notably, individual housing alone devoid of the social defeat stress component did not affect the performance on the OPR test or LTP maintenance ( fig. S2 ), indicating that SDPS specifically affected hippocampal function.
SDPS induces an imipramine-reversible increase in synaptic chondroitin sulfate proteoglycans
We next investigated SDPS-induced changes in the dorsal hippocampal synaptic proteome that might underlie the observed perturbations in plasticity and memory. These effects were not mediated by changes in the expression of AMPA or NMDA receptors (19) in the synaptic membrane fraction or by global changes in the number of glutamatergic or GABAergic synapses, as reflected by no change in PSD-95 or gephyrin expression ( fig. S3 ). Therefore, we examined whether SDPS induced unique imipramine-reversible changes in protein expression in the rat hippocampus. For this, we used an unbiased differential proteomics analysis of the dorsal hippocampal synaptic membrane fraction (n = 5).
From a total of 519 proteins identified by mass spectrometry (≥2 distinct peptides; confidence interval, ≥95%), 37 proteins were significantly regulated by SDPS (P < 0.05; adjusted for multiple testing) (20) . The expression of a subset of 18 proteins was restored by imi pra mine treatment. Overrepresentation analysis using gene ontology (GO) annotation (21) revealed a large contribution of extracellular matrix proteins both in the total set (adjusted P = 0.039; Fig. 2A ) and among proteins whose expression was rescued by imipramine (adjusted P = 0.025; Fig. 2B ) (table S1). In particular, SDPS increased the expression of chondroitin sulfate proteoglycans (CSPGs; table S1), glycosaminoglycan-carrying lecticans that are considered to be major constituents of adult brain extracellular matrix (22) . CSPGs reside in the perisynaptic space at contact sites with astrocytes, actively contributing to the tetrapartite synaptic complex (23, 24) . CSPGs assemble into pericellular netlike formations that envelop interneurons, the so-called perineuronal nets (PNNs) (25) .
In an independent group of animals (n = 4 to 5), we investigated the expression of seven core components of adult brain extracellular matrix, namely, the CSPGs aggrecan, brevican, neurocan, phosphacan, and versican. We also looked at the expression of the proteins tenascin-R and hyaluronan and proteoglycan link protein 1 (HPLN1), which contribute to the assembly of PNNs, in the synapse-enriched fraction of the dorsal hippocampus. Quantitative immunoblotting confirmed the SDPS-induced increase in the expression of brevican (twofold; P = 0.016), neurocan (twofold; P = 0.001), phosphacan (1.9-fold; P = 0.010), and HPLN1 (1.8-fold; P = 0.009), compared to vehicle-treated control rats (Fig. 2, C to F, and fig. S4 ). SDPS had a modest but nonsignificant effect on the expression of tenascin-R (1.8-fold; P = 0.068), aggrecan (1.5-fold; P = 0.139), and versican (1.3-fold; P = 0.181) (Fig. 2, G and H, and fig. S4 ). Imipramine treatment reversed SDPS-induced changes in CSPG expression and no significant differences between the two imipramine-treated groups (control-imipramine versus SDPS-imipramine) were detected (brevican, P = 0.230; neurocan, P = 0.443; phosphacan, P = 0.284; HPLN1, P = 0.251) (Fig. 2, C to F) . Aberrant CSPG expression was specific to the hippocampal synaptic membrane fraction because no increase in CSPG expression was detected in the tissue lysates collected before isolation of synaptic membranes ( fig. S5 ). Together, these data establish that SDPS specifically alters the composition of perisynaptic extracellular matrix in the dorsal hippocampus and that imipramine reverses this effect. The apparent molecular mass is indicated for the specific protein band; total protein loading used for normalization can be found in fig. S4 . n = number of samples; PLGEM (A and B), one-way ANOVA (C, D, and F to H), Mann-Whitney (E); *P < 0.05 and **P < 0.01 (see table S2 ).
of 12 SDPS increases the number of PNNs and decreases inhibitory transmission in the hippocampal CA1 region
We next examined whether SDPS affected the organization of CSPGrich PNNs in the dorsal hippocampus (26) . Immunohistochemical analysis ( Fig. 3A and fig. S6 ) showed that the number of PNN-coated neurons was increased after SDPS (1.6-fold; P = 0.032 versus control), specifically in the CA1 subfield of the dorsal hippocampus (Fig. 3B) . Characterization of these PNN-coated neurons in an independent set of animals revealed that this increase was unique to parvalbumin-expressing interneurons located in the CA1 stratum pyramidale of the hippocampus (1.4-fold; P = 0.044 versus control; Fig (27) . PNNs are known to alter the structural and physiological properties of parvalbumin-positive neurons (28, 29) . Therefore, we examined the effects of SDPS on CA1 stratum pyramidale interneuron morphology and their excitatory synaptic input. SDPS did not affect the total number of PNN-coated parvalbumin-positive interneurons (P = 1.00; Fig. 4A ) but increased the intensity of parvalbumin immunoreactivity in these neurons (8%; P = 0.008; Fig. 4B ). A significant reduction (−10% versus control; P = 0.043) in the fraction of cells with intermediate-low parvalbumin expression was observed after SDPS, which coincided with an increase in the fraction of interneurons with high expression of parvalbumin (17% versus control; P = 0.002; Fig. 4 , C and D). Notably, this intensity shift was not observed in parvalbumin-positive neurons that were not PNN-coated (Fig. 4D ). Increased parvalbumin immunostaining has been associated with reduced structural synaptic plasticity in the hippocampus and a subsequent decrease in experience-dependent learning (30) . Therefore, we analyzed the density of bassoon-positive synaptic puncta in single confocal planes along the cell bodies of PNN-coated parvalbumin-positive interneurons. We found no between-group differences in perisomatic excitatory input onto these interneurons (Fig. 4 , E and F). Overall, parvalbumin-positive PNN-free neurons received more excitatory input compared to their PNN-coated counterparts, as indicated by increased bassoon-positive puncta (control, 12%; P = 0.007). This increase in excitatory input onto parvalbuminpositive PNN-free versus PNN-coated neurons was more pronounced in rats exposed to SDPS (24%; P = 0.005; Fig. 4F ).
Given the larger number of PNN-coated parvalbumin-positive neurons in SDPS rats versus controls ( Fig. 3C ), our data suggested that there could be changes in the inhibitory output of parvalbuminpositive interneurons, contributing to the memory deficits observed after SDPS (31) . To test this, we recorded spontaneous inhibitory postsynaptic currents (sIPSCs) in hippocampal CA1 pyramidal neurons and found that SDPS reduced their frequency (SDPS, 4.56 ± 0.6 Hz; control, 6.67 ± 0.9 Hz; P = 0.018; Fig. 4 , G and H), without affecting their amplitude (P = 0.229; Fig. 4H ). Together, our data establish that SDPS increased the number of CSPG-rich PNN-coated parvalbumin-expressing interneurons, which received reduced excitatory perisomatic synaptic input. Furthermore, pyramidal neurons in the hippocampal CA1 subfield of SDPS animals showed reduced inhibitory input.
Extracellular matrix reorganization ameliorates SDPS-induced deficits in hippocampal memory
To assess whether the altered inhibitory tone after SDPS was causally linked to synaptic up-regulation of CSPG expression and the ensuing rise in the number of PNNs, we enzymatically digested CSPGs by intrahippocampal application of chondroitinase ABC (Fig. 5A ). Penicillinasetreated rats were used to control for the stereotactic injection because this enzyme has no endogenous substrate (32) . We proceeded with cellular, physiological, and behavioral assessments of the effects of chondroitinase ABC at ~2 weeks after administration. This time point was selected to allow for a partial recovery of the extracellular matrix, as reflected by a table S2 ).
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postadministration increase in the number of PNNs in control animals and an increase in the expression of synaptic CSPGs in SDPS animals ( fig. S10 ).
After the intracranial administration of chondroitinase ABC, the SDPS-induced alteration of the extracellular matrix was normalized (one-way ANOVA; group, P = 0.008), as shown by the decreased number of PNNs in the SDPS-chondroitinase group (post hoc SDPSpenicillinase versus control-penicillinase, P = 0.026; SDPS-chondroitinase versus control-chondroitinase, P = 0.281; SDPS-penicillinase versus SDPS-chondroitinase, P = 0.007) (Fig. 5, B and C) . Chondroitinase ABC treatment decreased the number of PNNs in control rats ( fig. S10 ) (control-chondroitinase versus control-penicillinase, P = 0.040).
The chondroitinase ABC-induced reorganization of the extracellular matrix normalized the hippocampal inhibitory tone in SDPS rats (one-way ANOVA; group, P = 0.035; Fig. 5, D and E) . First, we confirmed that SDPS reduced the frequency of sIPSCs onto pyramidal neurons of the hippocampal CA1 region (control-penicillinase, 5.04 ± 0.49 Hz; SDPS-penicillinase, 3.36 ± 0.41 Hz; P = 0.031). Next, we showed that chondroitinase ABC treatment reversed this effect (SDPS-chondroitinase versus control-chondroitinase, P = 0.683; SDPSchondroitinase versus SDPS-penicillinase, P = 0.008), with sIPSC frequency returning to control values (control-chondroitinase, 5.06 ± 0.61 Hz; SDPS-chondroitinase, 5.37 ± 0.58 Hz; P = 0.979). No effect on sIPSC amplitude was detected ( fig. S11) .
In independent groups of animals, chondroitinase-induced reorganization of the extracellular matrix rescued the impaired hippocampal plasticity after SDPS (one-way ANOVA; group, P = 0.040; Fig. 5, F and G) . The robust reduction in LTP maintenance (0.9-fold; SDPS-penicillinase versus control-penicillinase, P = 0.037) was absent in chondroitinase ABC-treated rats (SDPS-chondroitinase versus control-chondroitinase, P = 0.287; SDPS-chondroitinase versus SDPS-penicillinase, P = 0.007). LTP normalization after chondroitinase ABC treatment could be measured for up to 3 weeks after treatment. Given the concordant restoration of LTP and sIPSCs after chondroitinase ABC administration, we next examined whether restoration of the hippocampal network coincided with improved short-term object location memory (Fig. 5, H and I) . SDPS-induced deficits on performance on the OPR test were abrogated after chondroitinase ABC administration (two-way ANOVA; group × treatment, P = 0.012; post hoc, SDPS-penicillinase versus control-penicillinase, P = 0.053; SDPS-chondroitinase versus control-chondroitinase, P = 0.044; SDPS-penicillinase versus SDPS-chondroitinase, P = 0.004). Notably, whereas object location memory was absent in penicillinasetreated SDPS rats (P = 0.477 versus fictive control), chondroitinasetreated SDPS rats displayed intact object location memory (P = 0.001 versus fictive control), similar to that of penicillinase-treated control rats (P = 0.012 versus fictive control). In addition, chondroitinase ABC treatment attenuated the debilitating effects of SDPS on social recognition memory based on the performance in a social recognition test using a juvenile conspecific ( fig. S12) . Together, these data show that chondroitinase ABC reversed the SDPS-evoked increase in the number of PNN-coated parvalbumin-positive interneurons in the hippocampal CA1 region and restored sIPSC frequency, LTP, and object location and social recognition memory.
DISCUSSION
Cognitive impairment associated with MDD has been well characterized (33) (34) (35) . This includes deficits in declarative and spatial memory (36, 37) , supporting a role for hippocampus-mediated dysfunction and other related (endo)phenotypes, for example, decreased hippocampal volume, in MDD (38) . However, the molecular mechanisms underlying this association remain to be elucidated. Here, we used a preclinical rat model that induces several long-lasting depressivelike behaviors (11, 12) to investigate the connection between hippocampal pathology and cognitive deficits. Our data indicate a causal relationship between aberrant synaptic CSPG expression, alterations in the number of PNNs, and dysregulation of the hippocampal network that, together, mediate cognitive impairments in our rat model. Collectively, our data highlight the dorsal hippocampus as a principal mediator of cognitive deficits in the SDPS paradigm. At the behavioral level, SDPS impaired short-term object location memory, as assessed by the OPR test (14) , a task that necessitates recollection of spatial cues and uses the dorsal hippocampus for optimal performance (18) . SDPS did not affect object recognition in the NOR test, which evaluates the novelty of an object independent of its spatial location and remains intact after loss of most of dorsal hippocampal volume (18) .
At the physiological level, SDPS reduced the plasticity potential of the dorsal hippocampus, as reflected by decreased LTP maintenance, as reported previously (17) . This synaptic plasticity phenotype correlates with the location memory deficit we observed because it was shown that interference with hippocampal CA1 LTP affects spatial memory performance (39, 40) . Important for the predictive validity of our observations was the finding that antidepressant treatment given months after the last exposure to social stress reversed this cognitive phenotype both at the behavioral and physiological level in our SDPS rat model.
At the molecular level, analysis of the dorsal hippocampus synaptic proteome in SDPS rats implicated proteins of the extracellular matrix, and in particular, CSPGs, in the observed cognitive impairment and its subsequent rescue by the antidepressant drug imipramine. These changes were most likely occurring in glutamatergic synapses by virtue of the biochemical isolation of the synaptic membrane fraction (41) . The brevican-rich perisynaptic extracellular matrix (42) acts as a diffusion barrier for AMPA receptor lateral mobility, locally altering short-term synaptic plasticity (43) . Bidirectional alterations in the composition of CSPG-rich extracellular matrix, driven both by genetic (44) (45) (46) (47) and by pharmacological manipulations (48-51), impair hippocampal LTP and hippocampal-mediated memory processes. Thus, it is possible that the robust synaptic up-regulation of CSPGs observed after SDPS affects plasticity at the tetrapartite synapse (52), disrupts incoming local and distal excitatory signaling, and thereby impairs hippocampal physiology and memory formation and recall. Indeed, changes in matrix metalloproteinase activity, which regulate extracellular matrix proteolysis, have been reported to drive stressinduced CA1-mediated cognitive deficits (53) .
At the cellular level, SDPS-induced effects on PNNs were linked to interneurons of the CA1 stratum pyramidale that expressed parvalbumin. In particular, we showed that SDPS induced an increase in the number of parvalbumin-expressing interneurons coated by PNNs. This was in parallel with increased expression of parvalbumin selectively in PNN-coated interneurons that received less excitatory perisomatic synaptic input compared to their PNN-free counterparts. PNN organization is critical for the intrinsic structural and functional properties of parvalbumin-expressing neurons (54) (55) (56) , including regulation of their excitability (28) . Notably, the presence of PNNs has been reported to correlate directly with the expression of parvalbumin (29, 57) , which is a hallmark of cellular activity (30) . Our data argue that SDPS-induced adaptations in PNN-coated parvalbumin-positive neurons of the hippocampus CA1 region, together with the observed increase in perisynaptic extracellular matrix, may elicit a reduction in the inhibitory output of parvalbumin-positive interneurons, leading to decreased sIPSC frequency in hippocampal CA1 principal neurons. Supporting this notion, after chronic mild stress, an antidepressant-reversible reduction in sIPSC frequency has been associated with decreased GABA release probability in the hippocampus dentate gyrus (58) . Likewise, an imipramine-induced increase in sIPSC frequency was accompanied by altered GABA presynaptic release in the hippocampus CA1 region (59) .
Although sIPSCs represent the combined diverse inhibitory inputs that characterize the hippocampal network (60), we hypothesized that the observed effect of decreased inhibitory input is driven by reduced parvalbumin-dependent perisomatic inhibition, which is the predominant inhibitory input onto hippocampus CA1 pyramidal cells (61, 62) . We show that in rats exposed to the SDPS paradigm and treated with chondroitinase ABC, there was a restoration of the number of PNN-coated parvalbumin-positive interneurons and a rescue of the sIPSC phenotype. Chondroitinase-mediated PNN removal has been reported to increase the excitability of parvalbuminpositive neurons in vitro (28) , indicating that an aberrant increase in extracellular matrix could lead to a reduction in interneuron excitability and a subsequent decrease in sIPSC frequency. Our data showing reduced excitatory puncta in PNN-coated parvalbuminpositive neurons support this hypothesis.
Parvalbumin-positive neurons are essential for proper functioning of the hippocampal network through their direct effects on hippocampal CA1 principal neurons (63, 64) and subsequent modulation of hippocampal gamma oscillations (65, 66) . We demonstrated that restoration of the number of PNN-coated parvalbumin-positive neurons by intrahippocampal administration of chondroitinase ABC coincided with improved hippocampal inhibitory tone (sIPSC frequency) and plasticity (LTP maintenance). We propose that there may be a common extracellular matrix-associated molecular mechanism that drives hippocampal pathology after SDPS. In line with this, transgenic mice deficient in the TnR gene, which show reduced perisomatic inhibition, display a metaplastic increase in LTP induction threshold (67) , indicating interdependence between extracellular matrix, inhibitory transmission, and plasticity in the hippocampus. Furthermore, chondroitinase ABC administration rescued SDPSinduced cognitive deficits on object location, suggesting that impaired hippocampus-mediated memory function is due to extracellular matrix changes at both the perisynaptic (that is, CSPGs) and the pericellular (that is, PNN) levels.
An attractive hypothesis is that the presence of PNNs (29, 32) , similar to increased expression of parvalbumin (30) , marks the maturation of parvalbumin-positive interneurons. Thereafter, these cells participate in a network configuration that is characterized by low plasticity used to maintain already established behavioral patterns (68, 69) . In our rat model that shows a sustained depressive-like state, elevated synaptic CSPG expression, and the increased number of PNNcoated parvalbumin-positive interneurons in the hippocampus CA1 region may have contributed to reduced hippocampal plasticity, promoted the embedding of maladaptive memories, and hindered the (re)consolidation of (updated) information, as shown previously (70, 71) . The extracellular matrix reorganization after either chronic imipramine treatment or a single chondroitinase ABC treatment could act to boost hippocampal plasticity and subsequently memory function in rats exposed to the SDPS paradigm. Supporting this notion, chronic fluoxetine treatment in mice was reported to reduce the number of PNN-coated parvalbumin-positive neurons in hippocampal CA1 and in the amygdala, rendering parvalbumin-positive neurons in a state of dematuration (70) . This effect was associated with a reactivation of juvenile plasticity that facilitated memory processes, including memory overwrite and incorporation of updated information (70, 71) .
There are a number of limitations to our study. Although we found evidence for extracellular matrix-associated alterations in the cognitive component associated with depressive-like behavior, what drives these changes remains to be understood. Future studies will need to examine the role of cell-type specific contributions to synthesis, release, and degradation of extracellular matrix proteins in the SDPS model. Likewise, it would be useful to examine whether extracellular matrix-related changes are seen in different brain areas (for example, cortical areas) known to be associated with cognitive deficits in depression (72) . Moreover, it will be of interest to investigate whether the antidepressant effects of chondroitinase ABC on cognitive behavior last beyond 3 weeks and, if so, how the interplay between extracellular matrix production and breakdown is regulated in the long term.
Preclinical data in animal models, such as our SDPS rat model showing several depressive-like behaviors, need to be interpreted with caution. Our data would be strengthened by clinical evidence of extracellular matrix-related changes in postmortem brain tissue from MDD patients, as has been shown for schizophrenia (73) . Moreover, although SDPS affects both object place and social recognition memory (11) and both are ameliorated by chondroitinase ABC treatment, future studies will need to investigate other type of cognitive behaviors.
Our data indicate that components of the extracellular matrix contribute to reduced plasticity potential and impaired memory processes in the SDPS rat model. Our study suggests that translational strategies aimed at restoring altered extracellular matrix organization, PNN integrity, or related inhibitory network function (74) deserve further exploration as potential targets for alleviating cognitive deficits in MDD.
MATERIALS AND METHODS
Study design
The present study consists of a series of experiments using multiple molecular (biochemical assays and proteomics), cellular (immunohistochemistry and electrophysiology), and behavioral techniques to examine sustained depressive-like behavior in the SDPS rat model. Independent groups of animals were used for each technique and to cross-validate results [for example, isobaric tags for relative and absolute quantitation (iTRAQ)-based proteomics versus proteomic analysis using immunoblots] or to investigate treatment effects (for example, the effect of chondroitinase ABC treatment on sIPSCs). Groups were randomly assigned, except for intervention experiments (Fig. 5) , in which groups were balanced using baseline OPR test results. When applicable (Fig. 5, F to I ), experiments were carried out using independent batches of animals yet combining experiments with low impact and carryover to adhere to the 3-R principle of ethical use of experimental animals. No between-batch differences were observed. In all experiments, researchers were blinded to the group or treatment protocol when measurements were being taken and upon initial analysis of between group effects. Animals Male Wistar rats (Harlan) aged 6 to 8 weeks were habituated after arrival to housing, handling, and reversed day/night cycle (2 weeks). Rats were exposed to the SDPS paradigm (13) , starting with five single daily exposures to social defeat stress. From the first defeat episode onward, SDPS rats (≥9 weeks old) were single-housed, deprived from standard home-cage enrichment. Control rats were pairhoused and daily handled and/or exposed to an empty social defeat apparatus during the defeat exposure of the SDPS group. Individually housed controls were isolated for a period of 2 to 3 months, devoid of defeat. Whenever applicable, the antidepressant imipramine (20 mg/kg per 0.5 ml of water; Sigma-Aldrich) was orally (gavage or via water bottle) administrated during the last 3 weeks of the social isolation period. All behavioral, electrophysiological, and molecular analyses were performed at the end of treatment/after intervention in independent groups of rats 2 to 3 months after the last defeat, unless stated otherwise. All experiments were approved by the Animal Users Care Committee of the VU University Amsterdam and were performed in accordance with the relevant guidelines and regulations.
Cognitive assessment Object place recognition (OPR) task
Hippocampal-dependent short-term object location memory was determined with the OPR test (14) using a 15-min retention interval. Discrimination between spatial locations of objects was used as measurement for spatial memory [exploration index = time spent in active zone (novel location)/total exploration time (novel + familiar location)] in a 4-min test. The configuration of the object's novel place was counterbalanced such that on each trial, a different corner was used as a familiar and novel location. Objects were randomly assigned between groups to avoid the development of preference. Novel object recognition (NOR) task Short-term recognition memory was determined with the NOR test using a 15-min retention interval. Discrimination between objects was estimated on the basis of preference for the novel object [exploration index = time spent in active zone (novel object)/total exploration time (novel + familiar object)]. Objects were randomly assigned between groups to avoid development of preference.
Chondroitinase ABC administration SDPS and control rats received a single infusion of 0.03 U per side of chondroitinase ABC (C3667, Sigma-Aldrich) or penicillinase (P0389, Sigma-Aldrich) in a 0.5-l volume in the dorsal hippocampus (bregma: −3.8 anterior-posterior, ±2.1 medial-lateral, and −2.9 dorsoventral) >2 months after the last social defeat trial. Chondroitinase ABC effects in SDPS (OPR, PNNs, and e-phys) were assessed at ≥2 weeks after administration using two batches of animals. The first batch was used for OPR test and LTP measurements. All animals received chondroitinase ABC or penicillinase treatment, and OPR memory was tested at 12 days after the operations. Thereafter, LTP was analyzed between 16 and 24 days after chondroitinase ABC application (see Fig. 5A ). The second batch was used for PNN quantification and for sIPSC recordings. Similar to the first batch, all animals received chondroitinase ABC or penicillinase and were subjected to the OPR task at 10 to 12 days after administration. Thereafter, all animals were decapitated, and sIPSC recordings were obtained 24 (Fig. 4, E and F) was calculated on the basis of average intensity values measured in controls. Parvalbumin-positive interneurons were subdivided into fractions according to the intensity in controls, as follows: <60%, low; 61 to 85%, intermediate low; 86 to 110%, intermediate high; >111%, high. The number of bassoonpositive synaptic puncta per cell was calculated by dividing the area of the soma (arbitrary units) due to the variation in size in parvalbumin-positive cell bodies. Independent sets of animals were used for quantification of PNNs in the three hippocampus subfields (CA1, CA2/3, and DG), at CA1 layers, and after chondroitinase ABC administration, as well as for quantification of bassoon-positive puncta.
Immunoblotting
Total homogenate ( fig. S5 ) and synaptic membranes of the dorsal hippocampus (Fig. 2) were isolated from independent groups of animals. For CSPGs immunoblotting, samples were treated [chondroitinase ABC, 90 min at 37°C using 0.002 U/l in NaAc (pH 8.0)] before SDS-gel separation. Samples (10 g) were lysed in Laemmli lysis buffer, separated by electrophoresis on gradient precast gels (4 to 20%; Criterion TGX stain-free, Bio-Rad), and blotted to polyvinylidene difluoride membrane (Bio-Rad). Primary antibodies used were rabbit anti-aggrecan (1:700; AB1031, Millipore), guinea pig anti-brevican (1:2000; provided by C. I. Seidenbecher, Magdeburg), mouse anti-neurocan (1:1000; N0913, Alpha Diagnostics), mouse anti-phosphacan (1:1000; 3F8, Developmental Studies Hybridoma Bank), mouse anti-versican (1:1000; 75-324, NeuroMab), mouse anti-tenascin-R (1:2000; mTN-R2, Acris Antibodies), and rabbit anti-HPLN1 (1:1000; ab98038, Abcam). After incubation with horseradish peroxidase-conjugated secondary antibody (1:10,000; Dako) and visualization with Femto Chemiluminescent Substrate (Thermo Fisher Scientific), blots were scanned using the LI-COR Odyssey Fc and analyzed with Image Studio (Li-COR). Total protein was visualized using trichloroethanol staining, scanned using a Gel Doc EZ imager (Bio-Rad), and analyzed with Image Lab (Bio-Rad) to correct for input differences per sample because this is a reliable method that is not dependent on a single protein for normalization (76) . Water-and imipramine-treated samples were run on separate gels. All samples (SDPS-H 2 O, Con-imipramine, and SDPSimipramine) were run adjacent to Con-H 2 O samples; thus, all values are expressed as fold change from control. In Fig. 2 , the mean of two SDPS samples was each time quantified versus their adjacent control sample.
Electrophysiology
For details on whole-cell patch-clamp recordings (IPSC measurement) and LTP measurements, see Supplementary Materials and Methods.
Statistical analysis
Memory retention in the OPR test, NOR test (Figs. 1 and 5) , and social recognition memory task, as well as approach behavior in the social approach avoidance task ( fig. S12 ), was statistically tested by comparing the data (Student's t test) to a fictive control, as reported previously (16) . The ratio of exploration or interaction, based on the time spent exploring an object or interacting with a social target, was 0.5 for the fictive control, representing task performance at chance levels while retaining a similar distribution and within-sample variation as the original data. This stringent approach gives a more realistic comparison with higher statistical power than performing a single-sample t test (16) . For the iTRAQ-based proteomics, multiple comparisons correction was carried out using the power law global error model (PLGEM) (20) or using the WebGestalt GO enrichment analysis. For all other data, statistical analysis was performed using SPSS21.0.
The effects of SDPS and of treatments were assessed with oneway or two-way ANOVA, followed by Fisher's least significant difference (LSD) post hoc analyses. Mann-Whitney nonparametric test was used in cases of non-normal data distribution. Paired sample t tests were used for within-group comparisons. Testing was two-sided, unless the initial experiment (proteomics to immunoblot, CA1 to CA1 layers, and OPR test performance at the intervention experiment) directed follow-up studies. All results are expressed as group mean ± SEM. Statistical outliers were excluded only in the case of a value exceeding 2× standard deviation of the group average on multiple parameters, leading to the exclusion of the following data: immunoblotting, n = 1 for control-H 2 O; electrophysiology (sIPSC frequency), n = 1 for the SDPS group and n = 1 for the SDPS-penicillinase group. All statistical tests performed are summarized in table S2.
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